Monoclonal antibodies (MAbs) have been widely used in immunodiagnostic and clinical tests, whose applications require a high level of purity. As a result, several stages of purification are required in the downstream processing of MAbs. The objective of this study was to recover and purify an anti-interleukin-6 MAb from cell culture supernatant by a combined method involving precipitation and immobilized metal-ion affinity chromatography (IMAC), aiming its subsequent application in diagnostic kits. Experimental results suggest that it is possible to purify MAbs by precipitation with ammonium sulphate at 20-40% saturation, followed by adsorption on IMAC with immobilized Zn(II). The MAbs were obtained with a purity of 100% and a purification factor of 24.2, proving the feasibility of the method. .br (I.R.A.P. Bresolin).
Purification of Anti-Interleukin-6 Monoclonal Antibody Using Precipitation and Immobilized Metal-Ion Affinity Chromatography

INTRODUCTION
Monoclonal antibodies (MAbs) are immunoglobulins (IgG) secreted by clones of normal or tumoural B lymphocytes or generated by the hybridoma technology (Köhler and Milstein 1975) . MAbs have been widely used in immunodiagnostic tests for the detection of various molecules of interest, such as hormones, cytokines and immunoglobulins. Interleukin-6 (IL-6) is a cytokine that plays a central role in the immune system and is responsible for influencing antigen-specific responses and inflammatory reactions. Increased production of IL-6 is one of the main factors involved in conditions such as osteoporosis, prostate cancer and infectious processes, suggesting that IL-6 influences the regulation of physiological disease responses (Heinrichet al. 2003) .
MAbs can be produced industrially using bioreactor systems, but the low concentration obtained in vitro along with the complexity of the culture media makes the downstream processing (i.e. recovery and purification) difficult. Furthermore, the high purity required for clinical applications implies the need for high selectivity techniques (Voigt and Zintl 1999) .
A variety of techniques have been applied in downstream processing steps to obtain MAbs with the required purity levels. Most of these unit operations combine techniques such as extraction, precipitation and adsorption-based chromatography, and the associated costs could even reach 80% of the total cost of the bioprocess (Clonis 2006; Dutra-Molino et al. 2014; Gagnon 2012) .
Among the various methods used for the precipitation of biomolecules, salting out with ammonium sulphate is one of the classical methods (Deutscher 1990) . Several studies have applied this method for improving the concentration of MAbs (Bresolin et al. 2010; El-kak and Vijayalakshmi 1991; Gagnon 2012; Rajak et al. 2012; Serpa et al. 2005) . However, for highresolution purification of MAbs, selective adsorption techniques based on hydrophobic interaction, ion exchange or affinity principles are often used. With regard to purification of antibodies, previous studies have used immobilized ligands (e.g. thiophilic and biomimetic ligands), peptides, amino acids, dyes and metal ions or multimodal agents (Boschetti 2001; Bresolin et al. 2010; Ghose et al. 2013; Gondim et al. 2012; Maltezos et al. 2014; Rajak et al. 2012; Roque et al. 2007; Sadavarte et al. 2014; Sugita et al. 2013; Wolfe et al. 2014) .
The technique of immobilized metal-ion affinity chromatography (IMAC) was first purposed by Porath et al. (1975) . The IMAC method involves the reversible adsorption of a biomolecule on metal ions chelated onto a solid matrix by coordination bonds with certain accessible amino acids (such as histidine) located on the surface of the biomolecule (Hale and Beidler 1994) . Because of the presence of histidine-rich regions in several classes of IgG molecules (e.g. human, murine, guinea pig and rabbit IgG), IMAC has been extensively used for isolation and purification of IgG from different sources (Bresolin et al. 2010; Martins et al. 2006; Platis et al. 2008; Porath and Olin 1983; Serpa et al. 2005; Zimmerman et al. 2006) . To improve the formation of coordination bonds, thus minimizing ionic interactions, NaCl was added to the buffer (Porath et al. 1975) . The nature of the buffer also affects the adsorption of MAbs, irrespective of the support material and chelating ligands used (Bresolin et al. 2010; Rajak et al. 2012; Serpa et al. 2005) .
This work aims to recover and purify (i.e. downstream processing) anti-IL-6 MAbs from a cell culture supernatant using a combined method of precipitation with ammonium sulphate and adsorption-based chromatography. IMAC with Cu(II), Ni(II), Co(II) and Zn(II) was tested, and characteristics of MAbs parameters such as purity, yield and selectivity were evaluated.
MATERIALS AND METHODS 2.1. Materials
The agarose gel (Sepharose 6B) and high-molecular-weight markers for sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; myosin, 212 kDa; a2-macroglobulin, 170 kDa; b-galactosidase, 116 kDa; transferrin, 76 kDa and glutamic dehydrogenase, 53 kDa) were purchased from GE Healthcare (USA). Acrylamide, bis-acrylamide, SDS and dithiothreitol were purchased from Bio-Rad (USA). Disodium ethylenediaminetetraacetic acid (EDTA), copper, nickel, zinc, cobalt and ammonium sulphate were purchased from Merck (Germany). Iminodiacetic acid (IDA), imidazole, ammonium persulphate, epichlorohydrin, 3-(Nmorpholino)propanesulphonic acid (MOPS) and 2-(N-morpholino)ethanesulphonic acid (MES) were obtained from Sigma (USA). All other chemicals used were of analytical reagent grade. Ultrapure water (Milli-Q System; Millipore) was used for preparing buffers and solutions.
Cell Culture Supernatant
The cell culture supernatant containing mouse anti-IL-6 MAb (100 mg ml -1 ), isotype IgG 1 , expressed by the hybridoma B3.A12 cell line, was produced in vitro in a miniPERM bioreactor (Greiner BioOne, Germany) and provided to the authors by Rheabiotech Ltd (Campinas, Brazil). The cells were removed by centrifugation, and the supernatant was filtered through a 0.22-mm cellulose membrane (Millipore, USA) and then stored at -80 °C.
Precipitation
The MAbs were precipitated by salting out with ammonium sulphate at 4 °C. The ammonium sulphate was added slowly and five salt-saturation ranges were evaluated: 0-20%, 20-40%, 40-60%, 60-80% and 80-100%. For each range, the suspension was centrifuged at 2500 rpm for 10 minutes. The supernatant was used for the subsequent ranges, whereas the precipitate was dissolved in Tris-HCl (25 mmol l -1 at pH 7.0) and dialyzed against the same buffer for 30 hours.
Chromatographic Assays
Agarose (Sepharose 6B; average diameter, 90 mm) was activated with epichlorohydrin and coupled to IDA in accordance with the procedure described by Porath and Olin (1983) . The agarose-IDA was suspended in water, degassed and packed into a C10/10 glass column (10 cm length ¥ 1 cm i.d.; GE Healthcare). Cu(II), Ni(II), Co(II) and Zn(II) were loaded into the gel by adding 50 mmol l -1 sulphate solution of each specific metal ion in water through the column until saturation is achieved. Non-specifically bound metal ions were removed by washing the column with the adsorption and elution buffers. When no further metal ion was detected in the flow stream, the gel was equilibrated with adsorption buffer.
The zwitterionic buffers MOPS and MES were used as adsorption buffers with the addition of 1.0 mol l -1 NaCl and 2.0 mmol l -1 imidazole. The proteins adsorbed were eluted with a step increase in imidazole concentration (10, 20 and 50 mmol l -1 ). The column was regenerated with 50 mmol l -1 EDTA. The protein fractions content was analyzed by the Bradford method (Bradford 1976 ) and the electrophoretic profile by SDS-PAGE. All chromatographic runs were performed in duplicates. The precipitated cell culture supernatant and the dialyzed samples containing anti-IL-6 IgG 1 MAbs were fed into the column at a flow rate of 0.5 ml minute -1 (superficial velocity, 38.2 cm hour -1 ). The chromatographic procedures were carried out using a MINIPULS 3 pump (Gilson, France). The outlet stream was connected to an absorbance monitor (280 nm)
Protein Quantification
The total protein concentration was determined by absorbance at 595 nm by applying the Bradford method (1976), with bovine serum albumin (BSA) as reference.
Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
Fractions of chromatographic peaks were analyzed by SDS-PAGE under denaturing and nonreducing conditions (Laemmli 1970) in a Mini-Protean III system (BioRad). The separation was carried out at 180 V in 7.5% separation gels with a 4% stacking gel. The protein bands were developed by Coomassie blue or silver staining.
Quantification of Monoclonal Antibodies
The anti-IL-6 MAbs were quantified based on the intensity of bands in SDS-PAGE using the ImageJ software (developed by Wayne Rasband; National Institutes of Health, Bethesda, MD, USA).
Western Blotting
For immunodetection of purified MAbs after SDS-PAGE, samples containing MAbs were transferred onto a nitrocellulose membrane in a Mini Transblotting III System (Bio-Rad) as described by Towbin et al. (1979) . An antimouse IgG (Fab specific) antibody conjugated to peroxidase produced in goat (Sigma, USA) was used as secondary antibody. The MAb bands were revealed using a chromogen solution (0.003% H 2 O 2 , 1 mg ml -1 3,3'-diaminobenzidine in Tris-HCl 50 mmol l -1 , pH 7.4).
RESULTS AND DISCUSSION
Precipitation
BSA was the major protein impurity because foetal bovine serum was added to the culture medium as a media supplement, normally at 10% v/v (Butler 2004 ). If the MAbs concentration is low (100 mg ml -1 ), precipitation with ammonium sulphate (salting out) is recommended to improve the concentration of MAbs (Aleanzi et al. 1998; Bresolin et al. 2010; El-kak and Vijayalakshmi 1991; Serpa et al. 2005; Shukla et al. 2010) .
Precipitation with ammonium sulphate was carried out at 4 °C by slowly adding the salt with gentle stirring. Five salt-saturation ranges were evaluated (0-20%, 20-40%, 40-60%, 60-80% and 80-100%) to find the maximum recovery rate. The results of the mass balance experiment in terms of total protein and MAbs are presented in Table 1 . Figure 1 The high MAb recovery rate was achieved in the salt-saturation (ammonium) range of 20-40%. According to the SDS-PAGE band intensity [ Figure 1 (a)], quantified using ImageJ, 52% of the antibodies were recovered in this range. The purity increased from 4.31% to 29.37% in this fraction, reaching a purification factor of 6.81. Results of Western blotting [ Figure 1(b) ] confirmed that the protein bands detected at approximately 150 kDa are the MAbs, which remained active.
Previous studies recommend using a saturation range of 50% (Bresolin et al. 2010; El-kak and Vijayalakshmi 1991; Serpa et al. 2005) . However, because each type of antibody exhibits different behaviour when subjected to salt precipitation, it is suggested to evaluate the efficiency of precipitation saturation range, as performed in this study. However, complementary adsorptionpurification steps are required after the precipitation to increase the purity levels of the MAbs obtained.
Immobilized Metal-Ion Affinity Chromatography
As suggested by Rajak et al. (2012) , the zwitterionic buffers MES and MOPS were used in the chromatographic experiments in this study. Below the pK a (MOPS pK a 7.14; MES pK a 6.15), both buffers have a net neutral charge,which tends to minimize the interaction between the buffer ions and the metal ions for the binding site, which allows to better use the ligand for possible protein binding (Prasanna and Vijayalakshmi 2010; Rajak et al. 2012; Vançan et al. 2002) .
To select the ideal metal ion and the buffer system, chromatographic experiments were performed with the cell culture supernatant without the precipitation step. MOPS at pH 7.0 and MES at pH 6.0 [both at 25 mmol l -1 with NaCl (1.0 mol l -1 ) and imidazole (2 mmol l -1 )] were used to improve adsorption of MAb on agarose-IDA-Me(II). The efficiency of metal ions copper, nickel, cobalt and zinc was evaluated. Competitive-elution strategy using a discontinuous (step) gradient of imidazole concentrations (10, 20 and 50 mmol l -1 ) was used for desorption of the adsorbed proteins, as imidazole competes with the protein for the binding site (Vançan et al. 2002) .
The chromatographic and electrophoretic profiles are presented in Figures 2-4 , which indicated zinc as the most selective metal ion. The results of the mass balance experiments performed with zinc are presented in Table 2 . When MES buffer was used, it was observed that the MAbs could be recovered with limited contamination in both E1 and E2 [ Figure 2 Aiming at the purification of an anti-TNP mouse MAb IgG 1 by IMAC, Serpa et al. (2005) and Bresolin et al. (2010) evaluated the selectivity of Cu(II), Ni(II), Co(II) and Zn(II) immobilized in agarose gel and poly(ethylenevinyl alcohol) membrane chelated with several chelating ligands, including IDA. Using only the Tris-HCl buffer system, but in a low ionic strength (absence of NaCl), both authors concluded that Zn(II) was the most selective metal ion.
Two-Step Purification: Precipitation and Immobilized Metal-Ion Affinity Chromatography
After selecting the most suitable metal ion [i.e. Zn(II)] and the best chromatographic condition [MES buffer at 25 mmol l -1 with NaCl (1.0 mol l -1 ) and imidazole (2 mmol l -1 ), at pH 6.0] for the adsorption of anti-IL-6 MAbs, another precipitation step was performed, with the pre-purified Figure 2 . Effect of the buffer system on the adsorption and elution of anti-IL-6 MAbs from cell culture supernatant on agarose-IDA-Zn(II). Adsorption buffer: (a) MOPS 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 7.0; (b) MES 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 6.0. Elution: discontinuous (step) gradient of imidazole (10, 20 and 50 mmol l -1 ). Column regeneration: EDTA 50 mmol l -1 at pH 6.5. Other conditions: bed volume, 1.0 ml; flow rate, 0.5 ml/minute; fraction volume, 1.0 ml. Protein injected: 1.0 ml of cell culture supernatant (approximately 2.4 mg). Standard deviation of the Bradford method: 1.5%. Inset: SDS-PAGE analysis of fractions from the chromatography. E1, elution with 10 mmol l -1 imidazole; E2, elution with 20 mmol l -1 imidazole; E3, elution with 50 mmol l -1 imidazole; F, feed, which was the cell culture supernatant; HMW, high molecular weight marker (GE Healthcare); R, regeneration. Figure 3 . Effect of the buffer system on the adsorption and elution of anti-IL-6 MAbs from cell culture supernatant on agarose-IDA-Co(II). Adsorption buffer: (a) MOPS 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 7.0; (b) MES 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 6.0. Elution: discontinuous (step) gradient of imidazole (10, 20 and 50 mmol l -1 ). Column regeneration: EDTA 50 mmol l -1 at pH 6.5. Other conditions: bed volume, 1.0 ml; flow rate, 0.5 ml/minute; fraction volume, 1.0 ml. Protein injected: 1.0 ml of cell culture supernatant (approximately 2.4 mg). Standard deviation of the Bradford method: 1.5%. Inset: SDS-PAGE analysis of fractions from the chromatography. E1, elution with 10 mmol l -1 imidazole; E2, elution with 20 mmol l -1 imidazole; E3, elution with 50 mmol l -1 imidazole; F, feed, which was the cell culture supernatant; HMW, high molecular weight marker (GE Healthcare); R, regeneration. 4 . Effect of the buffer system on the adsorption and elution of anti-IL-6 MAbs from cell culture supernatant on agarose-IDA-Ni(II). Adsorption buffer: (a) MOPS 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 7.0; (b) MES 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 6.0. Elution: discontinuous (step) gradient of imidazole (10, 20 and 50 mmol l -1 ). Column regeneration: EDTA 50 mmol l -1 at pH 6.5. Other conditions: bed volume, 1.0 ml; flow rate, 0.5 ml/minute; fraction volume, 1.0 ml. Protein injected: 1.0 ml of cell culture supernatant (approximately 2.4 mg). Standard deviation of the Bradford method: 1.5%. Inset: SDS-PAGE analysis of fractions from the chromatography. E1, elution with 10 mmol l -1 imidazole; E2, elution with 20 mmol l -1 imidazole; E3, elution with 50 mmol l -1 imidazole; F, feed, which was the cell culture supernatant; HMW, high molecular weight marker (GE Healthcare); R, regeneration. sample as feed, using ammonium sulphate in the saturation range of 20-40%. The results of mass balance are presented in Table 3 and the chromatogram, SDS-PAGE and Western blotting results are shown in Figure 5 . As observed in Table 3 , it was possible to recover pure MAbs in the elution steps of this chromatography, with the purification factor in the range between 4.3 and 4.5. The highest recovery was achieved in elution step 1 (10 mmol l -1 of imidazole), when approximately 62.5% of the fed MAbs could be recovered, according to the SDS-PAGE band intensity in Figure 5 . If the overall elution is considered (i.e. E1 + E2 + E3), a recovery rate of 92.5% was achieved, showing the feasibility of this chromatographic process.
It could be observed that purity higher than 100% was achieved in the elution step (Table 3) . This fact can be explained by the sensitivity of the Bradford method (Bradford 1976) , which underestimates the concentration of IgG 1 in the elution fractions, once they show a high degree of purity. The response of the Bradford method varies widely depending on the protein measured, and this method is more sensitive to albumin than to immunoglobulins (Hammond and Kruger 1988) . In addition, the MAbs were quantified by SDS-PAGE band intensity using ImageJ, a public domain, Java-based image processing program developed at the National Institutes of Health (Bethesda, MD, USA) and released in 1997 (Schneider et al. 2012) . Result of Western blotting analysis ( Figure 5 ) confirms that the protein bands at approximately 150 kDa in SDS-PAGE correspond to the MAbs, because they could be immune-detected.
When both precipitation and chromatography are applied in downstream processing, recovery of high-purity MAbs (52% in precipitation and 92.5% in chromatography) was possible with a purification factor of 24.17. This value was the purity ratio of the eluted sample in the chromatography tests and also the value of the cell culture supernatant before the precipitation step. After precipitation with 50% saturation in IMAC buffer and under distinct conditions, Serpa et al. (2005) and Bresolinet al. (2010) obtained higher purification factors; however, lower purity was observed after the chromatographic step when compared with the experimental data of this work.
CONCLUSION
It was possible to purify the anti-IL-6 MAb from cell culture supernatant by a combination of precipitation (by ammonium sulphate) and adsorption chromatography [by IMAC with Zn(II) immobilized], using MES buffer (25 mmol l -1 ), NaCl (1.0 mol l -1 ) and imidazole (2 mmol l -1 ), and 5 . Chromatographic profile of the adsorption and elution of precipitated and dialyzed anti-IL-6 MAbs from cell culture supernatant on agarose-IDA-Zn(II). Adsorption buffer: MES 25 mmol l -1 , NaCl 1.0 mol l -1 , imidazole 2 mmol l -1 at pH 6.0. Elution: discontinuous (step) gradient of imidazole (10, 20 and 50 mmol l -1 ). Column regeneration: EDTA 50 mmol l -1 at pH 6.5. Other conditions: bed volume, 1.0 ml; flow rate, 0.5 ml/minute; fraction volume, 1.0 ml. Protein injected: 1.0 ml of cell culture supernatant precipitated (20-40% ammonium sulphate saturation range) and dialyzed (approximately 1.7 mg). Standard deviation of the Bradford method: 1.5%. Inset: SDS-PAGE and Western blotting of fractions from the chromatography. E1, elution with 10 mmol l -1 imidazole; E2, elution with 20 mmol l -1 imidazole; E3, elution with 50 mmol l -1 imidazole; F, feed, which was the precipitated and dialyzed cell culture supernatant; HMW, high molecular weight marker (GE Healthcare); R, regeneration.
eluting the solution using a discontinuous (step) gradient of imidazole. The recovered MAbs had100% purity, with the overall purification factor of 24.17, which indicates the feasibility of this process.
